Carbonic anhydrase IX (CA IX) is an exceptional member of the CA protein family; in addition to its classical role in pH regulation, it has also been proposed to participate in cell proliferation, cell adhesion, and tumorigenic processes. To characterize the biochemical properties of this membrane protein, two soluble recombinant forms were produced using the baculovirus-insect cell expression system. The recombinant proteins consisted of either the CA IX catalytic domain only (CA form) or the extracellular domain, which included both the proteoglycan and catalytic domains (PG ؉ CA form). The produced proteins lacked the small transmembrane and intracytoplasmic regions of CA IX. Stoppedflow spectrophotometry experiments on both proteins demonstrated that in the excess of certain metal ions the PG ؉ CA form exhibited the highest catalytic activity ever measured for any CA isozyme. Investigations on the oligomerization and stability of the enzymes revealed that both recombinant proteins form dimers that are stabilized by intermolecular disulfide bond(s) 
Carbonic anhydrases (CAs)
2 form a family of zinc-containing metalloenzymes that catalyze the reversible hydration of carbon dioxide according to the following reaction: CO 2 ϩ H 2 O 7 H ϩ ϩ HCO 3 Ϫ (1). Their main function is to maintain an appropriate acid-base balance in organisms; thus, they participate in several physiological processes, such as CO 2 and HCO 3 Ϫ transport, bone resorption, production of body fluids, gluconeogenesis, ureagenesis, and lipogenesis (2) . The CA family consists of 13 active isozymes in mammals, 12 of which are expressed and function in humans (3) . The CA isozymes show various tissue expression patterns, unique kinetic and inhibitory properties, and different subcellular localizations. CAs I, II, III, VII, and XIII reside in the cytosol (2, 4, 5) , CAs IV, IX, XII, XIV and XV (XV is not expressed in humans) are associated with the cell membrane (3, 6 -10) ; CA VA and VB localize to mitochondria (11) ; and CA VI is secreted (12) . In general, CAs exhibit a very high catalytic efficiency that approaches the diffusion-controlled limit (1) . To date, CA II has been reported to represent the isozyme with the highest catalytic efficiency, with a k cat /K m ϭ 1.5 ϫ 10 8 M Ϫ1 s Ϫ1 (13, 14) . CA IX and XII are tumor-related members of the CA family, and their expression is induced by hypoxia. Of these two, CA IX is the more exceptional because it has been proposed to contribute to cell proliferation, cell adhesion, and malignant cell invasion (15, 16) . It is generally expressed in a very limited number of normal tissues (mainly in the gastrointestinal tract), whereas it is highly expressed in several cancers that arise from CA IX-negative tissues, such as renal, lung, cervical, ovarian, esophageal, and breast carcinomas (17) . A cDNA coding for the human CA IX protein was first cloned and investigated by Pastorek et al. (18) , and the CA9 gene was characterized in 1996 by the same group (19) . It became evident from this study that CA IX shows significant similarity with the keratan sulfate attach-ment domain of a large human aggregating proteoglycan, aggrecan (19) . Mature CA IX consists of the following four domains: an N-terminal proteoglycan-like domain (PG), a CA catalytic domain (CA), a transmembrane helical segment, and a short intracytoplasmic tail (Fig. 1A) . However, no studies have proven the occurrence of glycosaminoglycan chains on the PG domain. Recently, CA IX has been suggested to represent a valuable target in cancer diagnostics and treatment. A promising example is Rencarex, an anti-CA IX antibody that is currently in a phase III clinical trial (www.wilex.com) to treat renal cell carcinomas.
Despite all the information on CA IX that has accumulated during the past years, the biochemical characterization of this enzyme has remained incomplete. The main focus of the present study was to fill this gap in knowledge by providing information on the catalytic properties, oligomerization, and posttranslational modifications of CA IX. Because it is widely reported that membrane proteins present difficulties for detailed biochemical characterization, soluble CA IX forms were produced using the baculovirus-insect cell expression system, which has not been used previously to investigate CA isoenzymes. These recombinant proteins were subsequently characterized by different biophysical and biochemical methods.
EXPERIMENTAL PROCEDURES
Construction of Recombinant Baculoviruses-Two cDNA constructs were designed to produce the recombinant CA IX forms, both of which lack the small transmembrane and intracytoplasmic domains. Both recombinant proteins had a CA IX signal sequence whose codon usage was optimized for Spodoptera frugiperda, eight histidine residues for protein purification and a thrombin cleavage site for tag removal (Fig. 1) . The PG ϩ CA form coded for a protein consisting of both the PG and CA domains, encompassing residues 1-377 of the mature CA IX sequence (residues 38 -414 of Swiss-Prot entry Q16790). At the N terminus, it contained the removable MAPLCPSP-WLPLLIPAPAPGLTVQLLLSLLLLMPVHPQRLHHHHHHH-HLVPRGS (thrombin cleavage site underlined) sequence (Fig.  1B) . The CA form coded only for the CA domain, encompassing residues 101-354 (residues 138 -391 of Swiss-Prot entry Q16790), bearing the cleavable MAPLCPSPWLPLLIPAPA-PGLTVQLLLSLLLLMPVHP signal peptide at the N terminus and a LVPRGSHHHHHHHH sequence at the C terminus (Fig.  1C) . cDNA sequences were constructed by the stepwise elongation of sequence-PCR (SES-PCR) (20) . The baculoviral genomes encoding CA IX recombinant proteins were generated according to the Bac-To-Bac Baculovirus Expression System instructions (Invitrogen). More detailed description on the SES-PCR and the generation of the baculoviral genomes can be found under supplemental "Materials and Methods."
Production and Purification of Recombinant CA IX-The Sf9 insect cells were maintained in HyQ SFX-Insect serum-free cell culture medium (HyClone, Logan, UT) in an orbital shaker at 27°C (125 rpm). The cells were centrifuged (2000 ϫ g, 20°C, 5 min) 72 h after infection, and the medium was collected. Purification was performed with the Probond Purification System (Invitrogen) under native binding conditions with wash and elution buffers made according to the manufacturer's instructions. The purification procedure per 100 ml of insect cell medium was as follows: 1 liter of native binding buffer and 7 ml of the nickel-chelating resin were added to the insect cell medium, and the His-tagged protein was then allowed to bind to the resin on a magnetic stirrer at 25°C for 1 h. The resin was washed with 500 ml of washing buffer, and the protein was eluted with elution buffer (50 mM NaH 2 PO 4 , 500 mM NaCl, 250 mM imidazole, pH 8.0).
Buffer Change, Thrombin Treatment, and Concentration Measurement-The purified CA form was changed to a buffer of 50 mM Tris-HCl, pH 7.5 (Sigma), using an Amicon Ultra 10-kDa cut-off centrifugal filter device (Millipore). Because the PG domain was unstable in Tris buffer (data not shown), the purified PG ϩ CA form was changed to a buffer of 50 mM NaH 2 PO 4 , 100 mM NaCl, pH 8.0. To remove the His tag, recombinant proteins were treated with 30 l of resin-coupled thrombin (Thrombin CleanCleave KIT, Sigma) per 1 mg of protein with gentle shaking at 25°C for 3 h, according to the manufacturer's instructions. The thrombin resin was removed from the protein solution by filtration. The His tag was removed from the protein solution of the PG ϩ CA form by washing the protein using an Amicon Ultra 30-kDa cut-off centrifugal filter device (Millipore). The thrombin treatment was effective for the PG ϩ CA form but failed for the CA form, despite using thrombin from three different manufacturers (Novagen, Sigma, and Amersham Biosciences), a large enzyme excess and long incubation times. Protein concentration was measured at three different dilutions by both the DC Protein Assay (Bio-Rad) and the BCA Protein Assay Reagent Kit (Pierce), and the mean of these results was used as the final value.
Production of Polyclonal Antibody, SDS-PAGE, and Western Blotting-Anti-human CA IX (ahCAIX) serum was raised by Innovagen AB (Lund, Sweden) in rabbits against the CA form of CA IX. Purified recombinant CA IX proteins were analyzed by 10% SDS-PAGE under reducing conditions (21) followed either by treatment with the Colloidal Blue Staining Kit (Invitrogen) or Western blotting, which was performed as described previously (22) . In Western blots, both the monoclonal M75 (23) and the polyclonal ahCAIX antibodies were used to detect CA IX recombinant proteins; the dilutions were 1:200 and 1:1,000, respectively. The secondary antibodies (Amersham Biosciences) were horseradish peroxidase-labeled anti-mouse IgG for M75 and horseradish peroxidase-labeled anti-rabbit IgG for the ahCA IX antibody, and they were both diluted 1:25,000 in TBST buffer.
Oligomer Reduction-To study the covalent oligomerization of CA IX, 7 g of both recombinant protein samples were incubated at 25°C for 2 h, with different amounts of dithiotreitol (DTT); these samples were then analyzed by 9.5% SDS-PAGE under non-reducing conditions. The gels were stained using PageBlue TM dye (Fermentas, Vilnius, Lithuania) according to the manufacturer's recommendations. raphy system, Alliance 2965 (Waters, Milford, MA), equipped with an autosampler. The elution from SEC was monitored by a photodiode array UV-visible detector 996 (Waters), a differential refractometer (OPTI-Lab or OPTI-rEx Wyatt, Santa Barbara, CA), and a static, multiangle laser light scattering detector (DAWN-EOS, Wyatt). The SEC-UV/LS/RI system was equilibrated in 20 mM HEPES, pH 8.0, 150 mM NaCl buffer at the flow rate of 0.5 ml/min. Two software packages were used for data collection and analysis: the Millennium software (Waters) controlled the HPLC operation and data collection from the multiwavelength UV-visible detector, whereas the ASTRA software (Wyatt) collected data from the refractive index detector, the light scattering detectors, and recorded the UV trace at 280 nm sent from the PDA detector. The peaks from the SEC were collected also for SDS-PAGE analysis under reducing and nonreducing conditions.
Recombinant CA IX Proteins Produced in the Bacterial and Mammalian Expression Systems-The recombinant glutathione S-transferase-CA construct encoding residues 84 -360 of the mature CA IX protein was used in the CA activity assay and has been described previously (24) . The production and purification of this glutathione S-transferase fusion protein in Escherichia coli has already been described (25) . A sample of recombinant human CA IX protein produced in murine myeloma cell line NS0 was purchased from R&D Systems (Minneapolis, MN) and used in the mass spectrometric analyses.
CA Activity Assay-An Applied Photophysics stopped-flow instrument was used to assay CA-catalyzed CO 2 hydration activity (13) . Reaction was measured using 0.2 mM phenol red (A max at 557 nm) as an indicator, in 10 mM HEPES, 0.1 M Na 2 SO 4 , pH 7.5, for a period of 10 -100 s. To determine the kinetic parameters and inhibition constants, the CO 2 concentration ranged from 1.7 to 17 mM. For the inhibitor assay, at least six replicates of the initial reaction were used to determine the initial velocity. A stock solution of 1 mM acetazolamide in 10 -20% (v/v) dimethyl sulfoxide was used to prepare acetazolamide dilutions up to 0.01 nM. To form the enzyme-inhibitor complex, inhibitor and enzyme solutions were preincubated at 25°C for 15 min, prior to inhibition measurements. Inhibition constants were obtained by non-linear least-squares methods using PRISM 3, whereas kinetic parameters were obtained from Lineweaver-Burk plots, as reported earlier, and represent the mean from at least three different determinations. Assays were performed on the PG ϩ CA and CA forms from the baculovirus-insect cell expression system and on the CA domain of CA IX also from the E. coli expression system. The measurements for the proteins produced in the insect cells were also performed in the presence of 50 M ZnCl 2 , 50 M MgCl 2 , 50 M CoCl 2 , or 50 M MnSO 4 . In the presence of ZnCl 2 , the CO 2 hydration activity was measured also for other CA isozymes, namely I, II, IV, XII, XIV, and XV, and the references for their production can be found in Ref. 26 .
Protein Alkylation-Protein samples for disulfide assignment were alkylated with 1.1 M iodoacetamide in 0.25 M TrisHCl, 1.25 mM EDTA, and 6 M guanidinium chloride, pH 7.0, at 25°C for 1 min in the dark. Samples were separated from excess salts and reagents by passing the reaction mixture through a PD10 column (Amersham Biosciences), as previously reported (27) . Protein samples were collected and lyophilized.
Protein Digestion and Peptide Separation-Bands were excised from the gel after SDS-PAGE, triturated, in-gel reduced, S-alkylated, and digested with trypsin, as previously reported (28) . Gel particles were extracted with 25 mM NH 4 HCO 3 /acetonitrile (1:1 v/v) by sonication, and digests were concentrated. Peptide mixtures were either desalted using ZipTipC 18 pipette tips (Millipore) before direct MALDI-TOF MS analysis or resolved on a capillary Hypersil-Keystone Aquasil C 18 Kappa column (100 ϫ 0.32 mm, 5-m particle size) (ThermoElectron, Waltham, MA) using a linear gradient from 10 to 60% of acetonitrile in 0.1% formic acid, at a flow rate of 5 l/min for 65 min. Collected fractions were concentrated and similarly analyzed by MALDI-TOF MS.
PNGase F, Dithiothreitol, and Phosphatase Treatment-Glycopeptides were deglycosylated by reacting with 0.2 unit of PNGase F (Roche) in 50 mM NH 4 HCO 3 , pH 8, at 37°C for 12 h. Peptides containing disulfide bonds were reduced by reacting with 10 mM DTT in 50 mM NH 4 HCO 3 , pH 8, at 37°C for 3 h. Potential phosphopeptides were dephosphorylated by reacting with 2 units of shrimp alkaline phosphatase (Roche) in 50 mM NH 4 HCO 3 , pH 8.5, at 37°C for 1 h. 3 l of 10% (v/v) formic acid was added to the reaction mixtures, and then they were desalted on ZipTipC 18 pipette tips (Millipore) before MALDI-TOF MS analysis.
MS Analysis-Intact recombinant proteins were analyzed with a Surveyor HPLC system connected on-line with an LCQ DecaXP Ion Trap mass spectrometer (ThermoElectron) equipped with an OPTON electrospray source operating at a needle voltage of 4.2 kV and a temperature of 320°C. Analyses were performed using a narrow bore 250 ϫ 2-mm C4 Jupiter column (300 Å pore size) (Phenomenex, Torrance, CA) with a gradient of solvent B (0.05% trifluoroacetic acid in CH 3 CN) to solvent A (0.08% trifluoroacetic acid in H 2 O) that ranged from 30 to 70% over a period of 40 min. Mass spectra were recorded within the m/z 400 -2000 range in positive mode. Multicharge spectra were deconvoluted using the BioMass program implemented in the Bioworks 3.1 package provided by the manufacturer. Mass calibration was performed by using UltraMark (ThermoElectron) as an internal standard.
Whole protein digests or selected peptide fractions were loaded on the MALDI target together with 2,5-dihydroxybenzoic acid (10 mg/ml in 70% (v/v) acetonitrile, 0.06% trifluoroacetic acid) or 2,4,6-trihydroxy-acetophenone (3 mg/ml in 50% (v/v) acetonitrile, 50% 20 mM diammonium citrate) as matrices, using the dried droplet technique. Samples were analyzed with a Voyager-DE PRO spectrometer (Applera, Norwalk, CT) operating with a 337-nm laser (28) . Mass spectra were acquired in positive (with 2,5-dihydroxybenzoic acid) and negative (with 2,4,6-trihydroxyacetophenone) polarities, using the instrument either in reflectron or linear mode. Internal mass calibration was performed with peptides from trypsin autoproteolysis or added molecular markers (Applera). Post-source decay (PSD) fragment ion spectra were acquired after isolation of the appropriate precursor, as previously reported (29). In both cases, data were elaborated using the DataExplorer 5.1 software (Applera).
Observed MALDI-TOF mass values were assigned to peptides, glycopeptides, or disulfide-linked peptides using the GPMAW 4.23 software (Lighthouse Data, Odense, Denmark). This software generated a mass/fragment data base output based on protein sequence, protease selectivity, nature of the amino acids susceptible to eventual post-translational modifications, and the molecular mass of the modifying groups. Mass values were matched to protein regions using a 0.02% mass tolerance value. Post-translational modification assignments were always confirmed by additional MS experiments on modified peptides as treated above. All masses are reported as average values. Peptide numbering refers to mature human CA IX.
RESULTS
Production of Recombinant CA IX Forms-Two soluble recombinant forms of human CA IX, both of which were missing the small transmembrane and intracytoplasmic domains at the C terminus, were produced using the baculovirus-insect cell expression system. The PG ϩ CA form consisted of both the PG and CA catalytic domains, which encompass residues 1-377 in the mature CA IX sequence. The CA form included only the CA domain, encompassing residues 101-354 in the mature sequence (Fig. 1) . Both recombinant proteins contained the CA IX signal sequence, which targets the protein to the secretory pathway within the cells, and the proteins were secreted into the medium due to the designated truncation at the C terminus. Both forms were purified to homogeneity with a single purification step, as clearly shown by SDS-PAGE analysis (Fig. 2) . Only a single or doublet polypeptide band representing each CA IX product were visible on the gel. A thrombin site was included in the recombinant proteins to remove the His tag. Thrombin was active in removing the His tag for the PG ϩ CA form (Fig. 2) but did not work for the CA form (data not shown). Thus, the His tag was removed from the PG ϩ CA form for further analysis, whereas the tag was still present in the CA form.
The nature of both CA IX products was assayed by Western blot using two CA IX-specific antibodies, including M75 (a monoclonal antibody recognizing only the PG domain) and a novel polyclonal antibody (anti-human CA IX, ahCAIX) that recognizes only the CA domain. As expected, the PG ϩ CA form was recognized by both antibodies (M75 and ahCAIX), whereas the CA form was only recognized by ahCAIX (Fig. 2) . During thrombin treatment of the PG ϩ CA form, a small amount of protein species having an unexpected lower mass (a double band) appeared in the protein fraction. The Western blot showed that the lower mass protein species represented the CA domain, from which the PG domain was missing. This may result from a suboptimal thrombin cleavage site between the PG and CA domains. Another suboptimal thrombin cleavage site at the C terminus is likely to explain the doublet band of the PG ϩ CA form, because the only post-translational modification observed for this protein in the mass spectrometric analysis (as shown later) was an N-linked glycosylation, which was confirmed not to cause the double band, as treatment with PNGase F resulted in a shift of both bands in the Western blot (supplemental Fig. S1 ).
Oligomerization State of the Recombinant Proteins-The oligomerization of the recombinant CA IX proteins was investigated by SDS-PAGE under reducing and non-reducing conditions, SEC, and SEC combined with laser light scattering (SEC/LS).
Both recombinant proteins were incubated with various DTT concentrations and subjected to SDS-PAGE under nonreducing conditions (Fig. 3) . SDS-PAGE results indicated that both CA IX recombinant proteins existed as oligomeric forms, in addition to monomers. The PG ϩ CA form consisted of ϳ60% oligomeric and 34% monomeric species; the CA form consisted of about 54% oligomeric and 46% monomeric species (determined by densitometry). Incubating the samples with increasing concentrations of DTT gradually induced the disappearance of the oligomeric species, with a concomitant increase of the monomers, indicating that the oligomers are stabilized by intermolecular disulfide bond(s). For the CA form, the molecular weight standards indicated clearly that the protein is composed of monomers and dimers. For the PG ϩ CA form, however, the size of the monomers was clearly exaggerated, and the size of the oligomers suggested trimerization rather than dimerization.
To investigate further the oligomerization of these proteins under native conditions, SEC and SEC/LS analysis were performed. In the SEC experiments the CA form showed two 
For the PG ϩ CA form, the SEC analysis also showed the occurrence of two major peaks (P1 and P2 in Fig. 4A ), whose elution position suggested an apparent molecular mass/hydrodynamic radius higher than expected, i.e. 334 kDa/5.5 nm and 121 kDa/ 4.0 nm, respectively (supplemental Fig. S2) . These values were much higher than that obtained during mass spectrometry for the monomer (43 kDa, see below), thus suggesting an abnormal SEC migration of this form, probably depending on the presence of the PG domain with a non-globular structure. This hypothesis was confirmed by LS analysis of the eluted SEC fractions, which was performed under native conditions (30) . In this case, P1 and P2 showed an average molecular mass value of 86 and 44 kDa, respectively (shown with dots in Fig. 4A ). These results explicitly indicated also that the PG ϩ CA form existed as a mixture of a protein monomer and dimer. SDS-PAGE analysis of the separated peaks under reducing and non-reducing conditions demonstrated that P1 contained disulfide-bonded oligomers (Fig. 4B) , whereas P2 always showed monomeric species. Similarly to the SEC experiments, the molecular masses of the monomeric and dimeric species were exaggerated also in the SDS-PAGE analysis; this phenomenon was particularly evident for the dimer (see also Fig. 3 ). In summary, the experiments showed that both CA IX forms occurred as a mixture of monomeric and dimeric species.
In the Presence of Excess Metal Ions CA IX Possesses the Highest Catalytic Activity Measured for a Member of the CA Enzyme
Family-To date, the catalytic activity of CA IX has been measured only for the bacterially expressed recombinant protein consisting of the CA domain (31) . In the present study, the CO 2 hydration activities of the recombinant CA IX forms from the baculovirus-insect cell expression system were measured and compared with the previously reported values. Table 1 shows the measured kinetic constants of this study, together with those already published for other mammalian CAs. An excellent concordance was observed between the activity and inhibitory values measured for the CA form when expressed in either the insect cells or E. coli; furthermore, the results were consistent with those reported earlier (31) . This suggests that the C-terminal His tag, which could not be removed from the CA form, does not have any effect on the function of the protein in vitro because the protein from E. coli, from which the glutathione S-transferase tag was removed, showed identical results. In addi- and P2 refer to the first and second peak of CA IX, respectively. One y axis (left) shows A 280 measured during the SEC (curves); the other (right) shows the molecular mass values determined by light scattering (dots). In B, collected P1 and P2 fractions were run on SDS-PAGE with and without ␤-mercaptoethanol. P1 migrated as monomeric species only under reducing conditions, whereas P2 migrated as monomeric species both in the non-reducing and reducing conditions. Abbreviations: APO, apoferritin; BAM, ␤-amylase from sweet potato; BSA, bovine serum albumin; OVA, ovalbumin. tion, we have recently produced another recombinant CA domain of CA IX, which is otherwise identical to the CA form, but has an N-terminal His tag that can be cleaved off; after the His tag removal, this protein showed identical k cat and K m values with the CA form, thus confirming that the C-terminal His tag does not interfere with the catalytic activity. 3 Because it was not known whether the insect cell protein preparations contained enough Zn 2ϩ to saturate the active sites of all enzyme molecules, measurements were also performed in the presence of 50 M ZnCl 2 . Under this experimental condition, the catalytic efficiency of the CA form became 10 times higher (k cat /k M ϭ 5.6 ϫ 10 8 M Ϫ1 s
Ϫ1
) and exceeded that reported for CA II (13, 14) . Without addition of ZnCl 2 , the CO 2 hydration activity of the PG ϩ CA form was higher than that measured for the CA form under the same experimental conditions. In this case, addition of 50 M ZnCl 2 increased the activity more than 20-fold (k cat /K m was shown to be 3.4 ϫ 10 9 M Ϫ1 s Ϫ1 ), reaching a value that has never been measured for any member of this enzyme family. Surprisingly, this addition also caused a 150-fold increase in the K I value of acetazolamide for the PG ϩ CA form (from 16 nM to 2.3 M).
To investigate further the possible lack of Zn 2ϩ in the insect cell expression system, CO 2 hydration activity was measured in the presence of ZnCl 2 for another isozyme, namely CA XV, which was produced exactly under the same experimental conditions used for CA IX (26) . The experiments demonstrated that the addition of ZnCl 2 to CA XV inhibited the enzyme catalytic activity (Table 2 ). In control experiments with isozymes I, II, IV, XII, and XIV, the addition of ZnCl 2 to the assay also caused a decrease in the CO 2 hydration activity ( Table 2 ). In summary, these results indicated that the insect cell expression system provided enough Zn 2ϩ to occupy the active site of the CA molecules, and that the addition of ZnCl 2 did not cause an artificial increase in the CO 2 hydration measured by the CA activity assay. It was concluded that the increase of the catalytic activity resulting from the addition of ZnCl 2 to the enzyme is a unique feature for isozyme IX.
Because both the catalytic activity and inhibition constant were increased following addition of ZnCl 2 , we further investigated the effect of other metal ions on the PG ϩ CA form ( Table  1) . Addition of MgCl 2 , CoCl 2 , and MnSO 4 also induced an increase in the k cat /K m values, with the ratio measured for MnSO 4 being identical to that determined for ZnCl 2 . In contrast to ZnCl 2 , the other metal ions did not exhibit an increase higher than 3-fold for the K I of acetazolamide. On the other hand, MgCl 2 , CoCl 2 , and MnSO 4 did not have any effect on the CA form (data not shown).
CA IX Contains One N-Linked Glycosylation-To investigate the post-translational modifications of the recombinant CA IX proteins, both monomeric species from SEC were submitted to electrospray ionization-ion trap-mass spectrometry. Both showed the presence of four distinct components that differ by 162 mass units, probably due to different sugar moieties. For the PG ϩ CA form, the determined molecular mass values were 42486.9 Ϯ 13.3, 42656.3 Ϯ 11.8, 42812.6 Ϯ 6.7, and 42969.1 Ϯ 13.1 Da. For the CA form, the corresponding values were 30977.6 Ϯ 10.1, 31136.8 Ϯ 9.8, 31300.9 Ϯ 9.7, and 31463.1 Ϯ 12.0 Da, respectively.
Glycosylation and the assignment of modified residue(s) were elucidated with protein samples resolved by reducing Fig. 5A illustrates the mass spectrum measured for the PG ϩ CA product, and an almost identical result was obtained for the CA form (data not shown). On the basis of measured masses and known pathways of glycoprotein biosynthesis, these signals were assigned to peptide-(287-317) having a pentasaccharide core N-linked to the specific N-glycosylation consensus AsnGln-Thr and bearing 3-6 mannose units (theoretical MH ϩ values: m/z 4918.3, 5080.4, 5242.6, and 5404.7). In both cases, glycopeptides collapsed to a unique component after PNGase treatment, which showed a single MH ϩ signal at m/z 3540.1). Peptide species before and after PNGase treatment were submitted for PSD analysis, confirming the identity of the glycopeptides and the expected Asn 309 3 Asp conversion in the deglycosylated peptide (data not shown). Moreover, no signals associated with the non-glycosylated peptide-(287-317) were detected in any LC fractions from both digests, thus suggesting that both of these proteins were completely modified. Moreover, measured MH ϩ signals allowed the analysis of 89.2 and 93.1% of the sequences for the PG ϩ CA and CA forms, respectively, and excluded the occurrence of other post-translational modifications. In conclusion, the analyzed proteins corresponded to the expected thrombin-processed PG ϩ CA form and the unprocessed CA form (from which the signal peptide had been cleaved off by the insect cells), with both containing four high mannose-type glycans N-linked to Asn 309 (theoretical mass values 42490.6, 42652.7, 42814.9 and 42977.0 Da (PG ϩ CA form); theoretical mass values 30975.6, 31137.8, 31299.9, and 31462.1 Da (CA form)).
Human CA IX Produced in Mammalian Cells Shows N-and O-Linked Glycosylations-To investigate possible differences in glycosylation of human CA IX produced in either insect cells or mammalian cells, we also analyzed a sample of recombinant human enzyme produced in the murine NS0 myeloma cell line. The protein sample was resolved by SDS-PAGE, revealing a unique band that migrated at 47 kDa and was further subjected to MALDI-TOF mass mapping experiments in positive polarity, performed as above. Also in this case, a peptide fraction eluting at almost 37.6 min was observed (Fig. 5B) . On the basis of measured masses and known pathways of glycoprotein biosynthesis, these signals were assigned to peptide-(287-317) bearing high mannose and hybrid-type structures N-linked to By performing MALDI-TOF MS in negative polarity, additional glycopeptides were also detected in the fractions eluting at 29.8 and 33.6 min, and their occurrence was ascertained by parallel MH Ϫ signals differing by m/z 291, 307, and 365 (Fig. 6,  A and B) . Both N-acetylneuraminic acid-(NeuAc) and N-glycolylneuraminic acid (NeuGc)-containing glycans were observed. It was not clear if the complex pattern of peaks measured was generated from a real glycopeptide heterogeneity or the well known partial loss of carbohy-drate groups during MALDI-TOF MS analysis, particularly the loss of NeuAc and NeuGc (32) . Satellite signals at ⌬m ϭ ϩ80 Da were also detected in the spectra (Fig. 6, A and B) , and these species were hypothetically associated to additional O-linked glycans bearing a sulfate moiety because they did not disappear following treatment with alkaline phosphatase ( (Fig. 6C) . Due to the presence of a sulfated moiety similar to the keratan sulfate unit, the occurrence of a GlcNAc-Gal disaccharide was tentatively proposed. In conclusion, a combination of MALDI-TOF mass spectra acquired in positive and negative polarities for recombinant CA IX from murine cells allowed covering 93.8% of the protein sequence.
CA IX Contains a Single Intramolecular Disulfide Bond-To investigate the correct pairing of cysteine residues in recombinant CA IX obtained from the baculovirus-insect cell expression system, a sample of the monomeric CA form was alkylated with iodoacetamide under denaturing non-reducing conditions, digested with trypsin, and subjected to MALDI-TOF MS analysis in positive polarity, as reported above. In this case, a peptide fraction eluting at almost 52. 
DISCUSSION
A series of novel biochemical features, which differentiate human CA IX from the other members of the CA family, were evident following characterization of two recombinant protein forms that were produced by the baculovirus-insect cell expression system. The insect cell expression system has never been reported for the production of recombinant CA proteins, and it allowed us to obtain enzymes with a higher similarity to the mammalian native counterpart than that produced in bacteria.
The oligomerization of the recombinant enzymes was investigated by several experimental approaches, i.e. size exclusion chromatography, size exclusion chromatography combined with laser light scattering, and SDS-PAGE under reducing and non-reducing conditions. These experiments demonstrated that both recombinant CA IX forms consisted of a mixture of monomeric and disulfide-linked dimeric species. The results were clearly interpretable for the CA form; in contrast, the use of a specific technique, namely laser light scattering (30), considered as preferential for the absolute determination of the size of a protein and its oligomers under native conditions, was essential to clarify the multimeric state of the PG ϩ CA form, consisting of the whole CA IX extracellular portion. It allowed us to correctly interpret the results from SEC and SDS-PAGE experiments, both showing an abnormal migration of the recombinant product, because of the occurrence of the PG domain, which probably possesses non-globular structure. Our experiments provided an alternative interpretation to previous SDS-PAGE-based estimations of the oligomeric state of CA IX, reporting the protein as able to form a disulfide-linked trimer (23, 33) .
Because our MS experiments demonstrated that both recombinant CA IX forms have an intramolecular S-S bridge linking Cys 119 to Cys 299 , which is also conserved in other CA isozymes, we can deduce that the CA form may have only one cysteine residue (Cys 137 ) able to form the disulfide-stabilized dimer. On the other hand, the availability of two cysteine residues (Cys 137 and Cys 372 ) in the PG ϩ CA form, capable of forming the intermolecular disulfide bond(s), leaves open the question on the number and nature of the intermolecular disulfides in the dimeric form, but not in an eventual trimeric species. Although our results do not support the previous concept of trimerization of CA IX, a possibility remains that CA IX may need the transmembrane helix and/or the intracytoplasmic tail to form the oligomeric trimer. Further studies with the fulllength protein are needed to elucidate whether the C-terminal part of this protein may affect the CA IX oligomerization status.
Our previous conceptions regarding CA IX were dramatically changed by the results addressing the CO 2 hydration activity of the recombinant protein forms. The results revealed a catalytic activity that was considerably higher than that previously reported for this enzyme. Initially, an excellent correlation was observed between the data obtained for the catalytic domain produced in both the baculovirus-insect cell and the bacterial expression systems; however, addition of ZnCl 2 to the insect cell-derived enzyme increased its catalytic efficiency by approximately 1 order of magnitude. The PG ϩ CA form showed even more surprising results; without metal additives, it showed the same k cat /K m value as that measured for CA II, which has been considered to be the most active CA isozyme thus far studied. The only major difference between the PG ϩ CA and CA forms was the presence of the PG domain in the PG ϩ CA form; our results suggest that this domain contributes to an increase in the CO 2 hydration activity of the CA domain by an unknown mechanism. Addition of ZnCl 2 increased the catalytic activity of the PG ϩ CA form by 23-fold, reaching a level (k cat /K m ϭ 3.4 ϫ 10 9 M Ϫ1 s Ϫ1 ) never measured for any member of the CA isozyme family. Additional ZnCl 2 also increased the K I value for acetazolamide considerably. Comparative experiments with other isozymes revealed that the increased catalytic activity in the presence of ZnCl 2 was not due to lack of Zn 2ϩ in the insect cell expression system nor reflect an artificial acceleration of the CO 2 hydration activity in the assay. Further experiments performed in the presence of other metals demonstrated a common effect of divalent cations on the catalytic activity of the PG ϩ CA form. In contrast to the addition of ZnCl 2 , MgCl 2 , CoCl 2 , and MnSO 4 showed no effect on the k cat /K m and K I values of the CA form, and the presence of these cations caused only a slight increase in the inhibition constant of acetazolamide for the PG ϩ CA form.
Together, the data suggest that the metal ions may bind some negatively charged molecular moieties either on the proteoglycan or catalytic domain. Zn 2ϩ ion seems to be mainly directed toward the sites within the catalytic domain because addition of ZnCl 2 to the protein solution increased the catalytic activity of both recombinant protein forms. On the other hand, the other metal ions may bind the PG domain, which contains many negatively charged amino acid repeats, because their effects were only observed with the PG ϩ CA form. The metal ions enhance catalytic activity by possibly relieving the electrostatic repulsions that occur especially in the PG domain, thereby stabilizing the whole enzyme. Only in the case of the PG ϩ CA form, the subtle structural rearrangement induced by the Zn 2ϩ ion may also contribute to a PG domain-dependent selective masking or distortion of the binding pocket for acetazolamide, which results in the observed inhibition constant increase. It is worthwhile to note that both the catalytic and PG domains of native human CA IX reside in the interstitial fluid, which contains a considerable amount of free ions, e.g. Na ϩ in the order of 100 mM (34) . The PG domain of the PG ϩ CA form of CA IX has been observed to be stable mainly in a phosphate-based buffer, which contained 100 mM NaCl. 3 However, experiments in vivo have indicated that native CA IX protein on the cell surface is highly stable (35) . The results in the present study lead to the speculation that the free ions in the interstitial fluid may result in the very high stability and catalytic activity of CA IX in human tissues.
Mass spectrometric analysis revealed information on the post-translational modifications present in human CA IX. A common N-linked glycosylation site (Asn 309 ) within the CA domain, which was modified by high mannose-type glycans, was ascertained in both recombinant CA IX forms from the baculovirus-insect cell expression system as well as in that from the murine cells. In the latter case, N-linked hybridtype structures were also detected. Our finding of the high mannose-type glycans is in good agreement with previous preliminary data on glycosylation of the native protein (23) . In addition, the presence of O-linked glycosylation at Thr 78 was also demonstrated in the recombinant product from mammalian cells. This residue is present within a region that has significant sequence similarity with the keratan sulfate attachment domain of a large aggregating proteoglycan, aggrecan (19) . Different di-, tri-, and tetrasaccharide NeuAcor NeuGc-containing O-linked glycans with, and without, a sulfate moiety were detected. Some of these oligosaccharides highly resemble the keratan sulfate unit that has already been described in the proteoglycan domain of other proteins involved in cell adhesion processes and tumor progression (36) . In CD44, a protein implicated in cell motility, tumor metastasis, and lymphocyte activation, keratan sulfate modifications modulate adhesion to the extracellular matrix component, hyaluronan (37) . Increased sialylation, defective N-linked glycosylation, and substitution of the CD44 glycosaminoglycans with keratan sulfate structures all seem to occur in neuroblastoma, myeloid, and melanoma cells (38 -41) . Similarly, changes in the glycosylation of membrane mucins have been studied in many carcinomas by analyzing both the composition and density of the O-glycans added and the profile of glycosyltransferases and sulfotransferases expressed (42, 43) . In breast cancer tumors and cell lines, a shift has been observed in protein modifications toward the addition of shorter O-glycans (43-45). These findings correlated well with the measurements of higher expression levels of the glycosyltransferases that are responsible for the sialylation of core-1 disaccharides and the termination of O-glycan chain extension (46) . Although a mechanism is not well elucidated, sulfotransferases may also control the addition of O-glycans to form specific molecular signatures (47, 48) , and several of these enzymes have different expression and activity in cancer and inflammation (49) . On this basis, our results suggest that a more detailed characterization of the post-translational processes modifying final protein structure is necessary to ascertain the eventual occurrence of complex keratan sulfate polymeric structures in CA IX and to investigate the roles of N-and O-linked glycans and their eventual changes during malignant transformation.
Even though the exact biological roles of CA IX still remain an open question, the present results describe novel biochemical properties of CA IX, which provide important further information on its function. Only a detailed structural characterization of the full-length enzyme in a membrane-like environment by high resolution mass spectrometric, x-ray diffraction, or cryo-electron microscopic techniques as well as biological assays on cellular adhesion and proliferation using specific recombinant CA IX forms, will allow the structure-function relationship of this protein to be advanced. Future studies will hopefully deepen our knowledge on the function of different domains present within CA IX, contributing to the understanding of the various pathophysiological processes in which this unique enzyme is involved.
